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Abstract We construct a self-affine sponge in R? whose dynamical dimen-
sion, i.e. the supremum of the Hausdorff dimensions of its invariant measures,
is strictly less than its Hausdorff dimension. This resolves a long-standing open
problem in the dimension theory of dynamical systems, namely whether every
expanding repeller has an ergodic invariant measure of full Hausdorff dimen-
sion. More generally we compute the Hausdorff and dynamical dimensions
of a large class of self-affine sponges, a problem that previous techniques
could only solve in two dimensions. The Hausdorff and dynamical dimen-
sions depend continuously on the iterated function system defining the sponge,
implying that sponges with a dimension gap represent a nonempty open subset
of the parameter space.
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1 Introduction

A fundamental question in dynamics is to find “natural” invariant measures
on the phase space of a dynamical system. Such measures afford a window
into the dynamical complexity of chaotic systems by allowing one to study
the statistical properties of the system via observations of “typical” orbits. For
example, the knowledge that Gauss measure on [0, 1] is ergodic and invariant
with respect to the Gauss map allows one to compute the distribution of con-
tinued fraction partial quotients of Lebesgue almost every real number [15,
§3.2]. In general, ergodic invariant measures that are absolutely continuous
to Lebesgue measure are often considered the most physically relevant, since
they describe the statistical properties of the forward orbits of a set of points
of positive Lebesgue measure.

However, in many cases there are no invariant measures absolutely con-
tinuous to Lebesgue measure. In this circumstance, there are other ways of
deciding which invariant measure is the most “natural”—for example, Sinai,
Ruelle, and Bowen considered a class of invariant measures (now known as
SRB measures) that still describe the behavior of forward orbits of points typ-
ical with respect to Lebesgue measure, even though these invariant measures
are not necessarily absolutely continuous to Lebesgue measure, see e.g. [56].
However, there are some disadvantages to this class of measures, for example
we may want to consider measures supported on a fractal subset of interest
such as a basic set or a repeller, and SRB measures may not be supported on
such a fractal.

A complementary approach is to judge how natural a measure is in terms
of its Hausdorff dimension. For example, Lebesgue measure has the largest
possible Hausdorff dimension of any measure, equal to the Hausdorff dimen-
sion of the entire space. If we are looking for measures supported on a fractal
subset, it makes sense to look for one whose Hausdorff dimension is equal to

@ Springer



Self-affine sponges: a dimension gap

the Hausdorff dimension of that set. An ergodic invariant measure with this
property can be thought of as capturing the “typical” dynamics of points on
the fractal. In cases where such a measure is known to exist, it is often unique;
see e.g. [43, Theorem 9.3.1] and [32, Theorem 4.4.7], where this is proven
in the cases of conformal expanding repellers and conformal graph directed
Markov systems, respectively.

On the other hand, if the Hausdorff dimension of an invariant measure is
strictly less than the Hausdorff dimension of the entire fractal, then the set of
typical points for the measure is much smaller than the set of atypical points,
and therefore the dynamics of “most” points on the fractal are not captured
by the measure. Even so, we can ask whether the Hausdorff dimension of
the fractal can be approximated by the Hausdorff dimensions of invariant
measures, i.e. whether it is equal to the supremum of the Hausdorff dimensions
of such measures. We call the latter number the dynamical dimension of the
system; cf. [14], [43, §§12.2-12.3], though we note that the definition of the
dynamical dimension in these references is slightly different from ours.

The question of which dynamical systems have ergodic invariant measures
of full Hausdorff dimension has generated substantial interest over the past
few decades, see e.g. [4,9,17,18,21,24,25,27,30-33,42,45,52,55], as well as
the survey articles [7,13,22,51] and the books [5,6]. Most of the results are
positive, proving the existence and uniqueness of a measure of full dimension
under appropriate hypotheses on the dynamical system.

The theory in the case of (compact) expanding systems that are conformal
or essentially one-dimensional is, in a sense, the most complete—the Haus-
dorff and box dimensions of the repeller coincide, and there exists a unique
ergodic invariant full dimension measure. The equality of dimension charac-
teristics as well as the existence of a full dimension measure is a consequence
of Bowen’s formula in the thermodynamic formalism, which equates the Haus-
dorff dimension of the repeller with the unique zero of a pressure functional,
see e.g. [43, Corollary 9.1.7], [23], or [49, Theorem 2.1] for an elementary
proof. The uniqueness of the full dimension measure follows from the Volume
Lemma, which describes how to compute the Hausdorff dimension of an arbi-
trary ergodic invariant measure, see e.g. [43, Theorems 9.1.11 and 9.3.1]. On
the other hand, if either of the assumptions of compactness and expansion is
dropped, then a full dimension measure may not exist, see [2,53] respectively.

Another class of examples for which a great deal of theory has been estab-
lished is the case of two-dimensional Axiom A diffeomorphisms. Loosely
speaking, Axiom A diffeomorphisms are those in which there is a dichotomy
between “expanding” directions and “contracting” directions, see e.g. [12] for
a beautiful introduction. McCluskey and Manning [33] showed that “most”
two-dimensional Axiom A diffeomorphisms have basic sets whose Hausdorff
dimension is strictly greater than their dynamical dimension (i.e. the supre-
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mal dimension of invariant measures), and in particular there are no invariant
measures of full dimension. So in the (topologically) generic case there can
be no theory of full dimension measures. There is also a simple sufficient con-
dition (not satisfied generically) for the existence of full dimension measures
for two-dimensional Axiom A diffeomorphisms, see [21, Theorem 1.10]. This
condition is also necessary, at least in the case where the system is topologically
conjugate to a topologically mixing shift space, as can be seen by combining
[8, p.99] with [12, Theorem 1.28].

Progress beyond these cases, and in particular in the case where the system
is expanding but may have different rates of expansion in different directions,
has been much slower and of more limited scope, see e.g. [7,13,22,51]. Such
systems, called “expanding repellers”, form another large and much-studied
class of examples. They can be formally defined as follows:

Definition 1.1 An expanding repeller is a dynamical system f : K — K,
where K is a compact subset of a Riemannian manifold M, U C M is a
neighborhood of K, and f : U — M is a C' transformation such that

e f1(K)=K;and
e for some n, f” is infinitesimally expanding on K with respect to the Rie-
mannian metric.

The following question regarding such systems, stated by Schmeling and
Weiss to be “one of the major open problems in the dimension theory of
dynamical systems” [51, p.440], dates back to at least the early 1990s and
can be found reiterated in several places in the literature by various experts
in the field (see Lalley and Gatzouras [28, p.4], Kenyon and Peres [26, Open
Problem], Gatzouras and Peres [22, Problem 1], Gatzouras and Peres [23,
Conjecture on p.166], Peres and Solomyak [39, Question 5.1], Schmeling
and Weiss [51, p.440], Petersen [40, p.188], Chen and Pesin [13, p.R108],
Schmeling [50, p.298], Barreira [6, p.5]):

Question 1.2 Does every expanding repeller have an ergodic invariant mea-
sure of full dimension?

In this paper we will prove that the answer to Question 1.2 is negative by
constructing a piecewise affine expanding repeller topologically conjugate to
the full shift whose Hausdorff dimension is strictly greater than its dynamical
dimension. This expanding repeller will belong to a class of sets that we call
“self-affine sponges” (not all of which are expanding repellers), and we develop
tools for calculating the Hausdorff and dynamical dimensions of self-affine
sponges more generally. This makes our paper an extension of several known
results about self-affine sponges [3,10,26,28,34], though in all previously
studied cases, the Hausdorff and dynamical dimensions have turned out to be
equal. We also note that self-affine sponges are a subclass of the more general
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Self-affine sponges: a dimension gap

class of self-affine sets, and that it is known that almost every self-affine set
(with respect to a certain measure on the space of perturbations of a given self-
affine set) has an ergodic invariant measure of full dimension [25]. However,
self-affine sponges do not represent typical instances of self-affine sets and
so this result does not contradict our theorems. Nevertheless, we show that
our counterexamples represent a non-negligible set of self-affine sponges (in
the sense of containing a nonempty open subset of the parameter space); see
Theorem 2.9.

Previous approaches to Question 1.2 have involved using the thermody-
namic formalism to compute the Hausdorff dimension of the repeller and then
comparing with the dimensions of the invariant measures calculated using the
Volume Lemma or its generalization, the Ledrappier—Young dimension for-
mula [29, Corollary D’]. When it works, this strategy generally shows that the
Hausdorff and dynamical dimensions of a repeller are equal. By contrast, we
still use the Ledrappier—Young formula to calculate the dimension of invari-
ant measures, but our strategy to calculate the dimension of the repeller is
to pay more attention to the non-invariant measures. Indeed, we write the
Hausdorff dimension of a self-affine sponge as the supremum of the Haus-
dorff dimensions of certain particularly nice non-invariant measures that we
call “pseudo-Bernoulli” measures (see Definition 2.10), which are relatively
homogeneous with respect to space, but whose behavior with respect to length
scale varies in a periodic way. The dimension of these measures turns out to
be calculable via an appropriate analogue of the Ledrappier—Young formula,
which is how we show that it is sometimes larger than the dimension of any
invariant measure.

2 Main results
2.1 Qualitative results

Definition 2.1 Fixd > 1,andlet D = {1,...,d}. Foreachi € D, let A; be
a finite index set, and let ®; = (¢; 4)qca, be a finite collection of contracting
similarities of [0, 1], called the base IFS in coordinate i. (Here IFS is short for
iterated function system.) Let A = HieD A;,and foreacha = (ay,...,aq) €
A, consider the contracting affine map ¢, : [0, 119 — [0, 114 defined by the
formula

Ga(x1, ..., xq) = (Pa,1(x1), ..., Paa(xa)),

where ¢, ; is shorthand for ¢; 4, in the formula above, as well as elsewhere.
Geometrically, ¢, can be thought of as corresponding to the rectangle
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T. Das, D. Simmons

Fig. 1 Generating templates for a Sierpifiski carpet (left), carpets satisfying the coordinate
ordering condition (two middle pictures), and a Baranski carpet (right). Each picture defines
a diagonal IFS: each shaded region corresponds to an affine contraction that sends the entire
unit square to that shaded region. The right middle picture satisfies an additional disjointness
condition which makes it a Lalley—Gatzouras carpet; cf. Definition 3.6

¢a ([0, 11%) = [ ] ¢ (10, 11) C [0, 11°.

ieD

Given E C A, we call the collection ® def (¢a)acE adiagonal IFS. The coding
map of @ is the map 7 : EN = [0, 1]¢ defined by the formula

(w) = nli>ngo ¢w1n(0),

where ¢, o @w, 0" - -0y, . Finally, the limit set of ® is the set A & T (EVY).
We call the limit set of a diagonal IFS a self-affine sponge. It is a special case
of the more general notion of an self-affine set, see e.g. [16].

Remark This definition excludes some sets that it is also natural to call
“sponges”, namely the limit sets of affine iterated function systems whose
contractions preserve the class of coordinate-parallel rectangles, see e.g. [19].
The linear parts of such contractions are matrices that can be written as the
composition of a permutation matrix and a diagonal matrix. Self-affine sets
resulting from these “coordinate-permuting [FSes” are significantly more tech-
nical to deal with, so for simplicity we restrict ourselves to the case of sponges
coming from diagonal IFSes.

Whend = 2, self-affine sponges are called self-affine carpets, and have been
studied in detail. Their Hausdorff dimensions were computed by Bedford [10],
McMullen [34], Lalley and Gatzouras [28], and Barariski [3], assuming that
various conditions are satisfied. Since we will be interested in the higher-
dimensional versions of these conditions, we define them now:

Definition 2.2 (Cf. Fig. 1) Let A ¢ be a self-affine sponge defined by a diagonal
IFS ©.

e We say that ® or Ag is Sierpiriski if the base IFSes are of the form

a—+x

1

P, = (¢i,a)0§a§mi—1a ¢i,a(x) =
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for some distinct integers my, ..., mg > 2.
e We say that ® or Ag satisfies the coordinate ordering condition if there
exists a permutation o of D such that for all a € E, we have

|¢;,g(1)| > > |¢;’a‘(d)|'

e We say that ® or A ¢ is Barariski (resp. strongly Barariski) if the base IFSes
all satisfy the open set condition (resp. the strong separation condition) with
respect to the interval I = (0, 1) (resp. I = [0, 1]), i.e. forall i € D, the
collection

(¢i,a (H))LIGA,‘
is disjoint.

Notice that every Sierpiniski sponge satisfies the coordinate ordering condi-
tion and is also Baraiiski. Bedford [10] and McMullen [34] independently
computed the Hausdorff dimension of Sierpinski carpets, and consequently
these carpets are sometimes known as Bedford—McMullen carpets. Barariski
computed the Hausdorff dimension of what we call Barariski carpets [3]." On
the other hand, the coordinate ordering condition, which can be thought of
as guaranteeing a “clear separation of Lyapunov directions”, cf. [7, p.643], is
a higher-dimensional generalization of one of the assumptions of Lalley and
Gatzouras [28]. Their other assumption is a disjointness condition [28, p.534]
that is slightly weaker than the Barariski condition. The higher-dimensional
analogue of the disjointness condition is somewhat technical to state, so we
defer its definition until Sect. 3.

Observation 2.3 Let A ¢ be a strongly Barariski sponge. Then the coding map
7 : EN — Ag is a homeomorphism. It follows that there is a unique map
f: Ao — Agsuchthat for = moo,whereo : EN — ENis the shift map.
In fact, the dynamical system f : Ap — Ag is a piecewise affine expanding
repeller: for all a € E, we have f = ¢a_1 on ¢a(Ag).

In [3,10,28,34], a relation was established between the Hausdorff dimen-
sion of a self-affine carpet A and the Hausdorff dimension of the Bernoulli
measures on A . Here, a Bernoulli measure is a measure of the form

Vp = n*[pN]»

! Read literally, the setup of [3] implies that the maps ¢; , (i € D, a € A;) are orientation-
preserving, but there is no significant difference in dealing with the case where reflections are
allowed.
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T. Das, D. Simmons

where p is a probability measure on E, and 7, [x] denotes the pushforward of
a measure u under the coding map 7. In what follows, we let P denote the
space of probability measures on E.

Theorem 2.4 ([3], special cases [10,28,34]) Let A ¢ be a Barariski carpet (i.e.
a two-dimensional Barariski sponge). Then the Hausdorff dimension of A is
equal to the supremum of the Hausdorff dimensions of the Bernoulli measures
on Ao, ie.
dimy (®) = sup dimpy (vp), (2.1)
peP
where dimg (®) denotes the Hausdorff dimension of A .

It is natural to ask whether Theorem 2.4 can be generalized to higher dimen-
sions. This question was answered by Kenyon and Peres [26] in the case of
Sierpiniski sponges:

Theorem 2.5 ([26, Theorem 1.2], special cases [10,34]) The formula (2.1)
holds for Sierpiriski sponges (in all dimensions).

These results might lead one to conjecture that the formula (2.1) holds for
all Barariski sponges, or at least all Baranski sponges satisfying the coordinate
ordering condition. If that fails, one might still conjecture that the Hausdorff
dimension of a Barariski sponge is attained by some ergodic invariant measure,
even if that measure is not a Bernoulli measure. For example, Neunhiuserer
showed that the formula (2.1) fails for a certain class of non-Baranski self-
affine carpets [35, Theorem 2.2], but later it was shown that these carpets
do in fact have ergodic invariant measures of full dimension [18, Theorem
2.15]. Similar examples appear in the realms of conformal iterated function
systems satisfying the open set condition [24,31,32], affine iterated function
systems with randomized translational parts [9,25], and certain non-conformal
non-affine iterated function systems [45], though in these settings, it was not
expected that the measure of full dimension would be a Bernoulli measure.
This leads to the following definition:

Definition 2.6 The dynamical dimension of a self-affine sponge Ag is the
number

dimp (@) & sup{dimy (r,[12])}.
%

where the supremum is taken over all probability measures  on EY that are
invariant under the shift map.
It turns out that this definition does not help at getting larger dimensions:

Theorem 2.7 The dynamical dimension of a Barariski sponge A is equal to
the supremum of the Hausdorff dimensions of its Bernoulli measures, i.e.
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Self-affine sponges: a dimension gap

dimp (P) = sup dimg (vp). 2.2)
peP

The question remains whether the dynamical dimension is equal to the
Hausdorff dimension of Ag. It follows directly from the definition that

dimyg (®) > dimp(P).

The main result of this paper is that this inequality is sometimes strict:

Theorem 2.8 (Existence of sponges with a dimension gap) For all d > 3,
there exists a strongly Barariski sponge Ao C [0, 11¢ satisfying the coordinate
ordering condition such that

dimy (@) > dimp(®).

Since the sponge A ¢ appearing in this theorem is strongly Barariski, there
exists a piecewise affine expanding repeller f : A¢ — Ag¢ suchthat fom =
7 oo, where o : EN — EN is the shift map (cf. Observation 2.3). Thus,
Theorem 2.8 shows that the answer to Question 1.2 is negative.

The contrast between Theorems 2.4 and 2.8 shows that the behavior of
self-affine sponges is radically different in the two-dimensional and three-
dimensional settings. See Remark 7.3 for some ideas about the cause of this
difference.

A natural follow-up question is how common sponges with a dimension
gap are. One way to measure this is to ask whether they represent a positive
measure subset of the parameter space. We answer this question affirmatively
by showing that dimension gaps are stable under perturbations: any Baranski
sponge whose defining IFS is sufficiently close to the defining IFS of a Barariski
sponge with a dimension gap also has a dimension gap. Equivalently, the class
of Baranski IFSes whose limit sets have a dimension gap is an open subset of
the parameter space. This is an immediate corollary of the following theorem:

Theorem 2.9 The functions
® +—~ dimy (D), ® +—~ dimp (D) (2.3)

are continuous on the space of Barariski IF Ses.

Remark 1t is not too hard to modify the proof of Theorem 2.9 to get a stronger
result: the functions (2.3) are computable in the sense of computable analysis
(see [54] for an introduction). This means that there is an algorithm that outputs
arbitrarily accurate approximations of dimg (®) and dimp (®), given as input
a sequence of approximations of ®. Every computable function is continuous
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[54, Theorem 4.3.1]; the converse is not true, since there are only countably
many computable functions.

2.2 Computational results

The strategy of the proof of Theorem 2.8 is to come up with general formulas
for the Hausdorff and dynamical dimensions of a Baranski sponge, and then to
compare them in a concrete example. For example, Theorem 2.7 gives a way
to compute the dynamical dimension once the dimensions of the Bernoulli
measures are known. To get a similar result for the Hausdorff dimension, we
introduce a new class of measures which we call “pseudo-Bernoulli”. These
measures are not invariant, since if they were then their dimension could be
no bigger than the dynamical dimension.

Definition 2.10 Recall that P denotes the space of probability measures on
E, the alphabet of the IFS. Given A > 1, we call a functionr : (0, c0) — P
exponentially A-periodic if for all b > 0, we have r;; = rp. Here we denote
the value of r at the argument b by rp instead of r(b). We call r exponen-
tially 1-periodic if it is constant. (The advantange of this definition is that the
uniform limit of exponentially A-periodic continuous functions as A \ 1 is
exponentially 1-periodic.) The class of exponentially A-periodic continuous
functions will be denoted R, and the union will be denoted R = a1 R
Elements of R will be called cycles on E. Finally, a pseudo-Bernoulli measure

. def
is a measure of the form vy = m,[ ], where r € R, and

def
we'= [ ra (24)

neN

is a probability measure on EN.

The following theorem subsumes Theorems 2.4 and 2.5 as special cases,
see Sect. 7 for details. The techniques we use to prove it are similar to the
techniques originally used to prove Theorems 2.4 and 2.5.

Theorem 2.11 The Hausdor{f dimension of a Bararniski sponge A ¢ is equal to
the supremum of the Hausdorff dimensions of its pseudo-Bernoulli measures,
ie.

dimpg (®) = sup dimy (vy). (2.5)

reR

Remark The inequality dimg (®) > sup, . dimpg (vy), which forms the easy
direction of Theorem 2.11, is all that is needed in the proof of Theorem 2.8.
However, the proof of Theorem 2.11 provides some motivation for why it is
appropriate to consider measures of the form vy in the proof of Theorem 2.8.
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Indeed, proving Theorem 2.11 is what caused the authors to start paying atten-
tion to the class of pseudo-Bernoulli measures.

Of course, Theorem 2.11 raises the question of how to compute the Haus-
dorff dimension of a pseudo-Bernoulli measure vy. Similarly, Theorem 2.7
raises the (easier) question of how to compute the Hausdorff dimension of a
Bernoulli measure vp—which is answered by a Ledrappier—Young type for-
mula (cf. (2.13)). In fact, the latter question can be viewed as a special case of
the former, since every Bernoulli measure is also a pseudo-Bernoulli measure.
As a matter of notation, if p € P, then we let p also denote the constant cycle
b — pp = p, so that we can think of P as being equal to R C R. Note that
the notation vp means the same thing whether we interpret it as referring to the
Bernoulli measure corresponding to p € P, or the pseudo-Bernoulli measure
corresponding to the constant cycle p € R.

To compute the Hausdorff dimension of pseudo-Bernoulli measures, we
need to introduce some more notation and definitions:

Notation 2.12 Foreachr € R and B > 0, we let
B —~
Ry :/ rp db, Rz =B 'Rz e P. (2.6)
0

Note that if r is exponentially A-periodic, then so is R. We will use a similar
convention with other letters in place of r; for example, if p € P then we write

Pp = foB py db = /oB pdb = Bpand Py = B~'Pp = p.

Definition 2.13 Givenp € P andi € D, the ith Lyapunov exponent® of p is
the number

%@ E —/log |95, dp(a).

Note that this definition makes sense even if the total mass of p is not 1, and
we will use it sometimes in this more general sense. Given a coordinate set
I C D, the entropy of I with respect to p is the number

hi(p) =h(l;p) & — / log p([al;) dp(a),

where
[a];:{beE:ai:bi ViEI}. (2.7)

2 This terminology is not meant to imply that the Lyapunov exponents are distinct or have
been arranged in increasing order, although it is often convenient to assume the latter (cf.
Proposition 2.16 below).
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Note that [a]p = {a} and [a]y = E.
Finally, given I C I’ C D, then conditional entropy of I’ relative to I with
respect to p is the number

p(lalr)
p([al;)

Definition 2.14 Givenr € R, welet Ex = {a € E : rp(a) > 0 for some b >
0}. We say that r is nondegenerate if the set {b > 0 : rp(a) > O for all a € E;}
is dense in (0, 00), and we denote the space of nondegenerate cycles by R*.
We also write R} = Ry N'R*.

Note that every measure is nondegenerate when considered as a constant
cycle.

W' I;p) E h(l';p) — h(I; p) = flog

dp(a).

Theorem 2.15 Let A ¢ be a Barariski sponge. Then for all . > 1 andr € R,
the dimension dimpg (vy) can be computed by the formula

dimy () = 8% inf s(r, B), (2.8)
Be[l,A]

where for each B > 0,

def 1 [
3(r, B) = 3 h({i e D:b < B;};rp) db, (2.9)
0
where the numbers By, ..., By > 0 are chosen so that
B;
B =/ xi(rp) db = xi(Rp;). (2.10)
0

Ifr € Ry\R;, then dimpy (vy) < 8(r). The terms dimy (vy) (r € Ry\R}) do
not contribute to the supremum in (2.5).

In particular, for all p € P, the dimension dimy (vp) can be computed by
the formula

dimy (vp) = 8(p) &

o0
| ntiepib < yn@rp e @i

We remark that the map B +— &(r, B) is exponentially A-periodic, so that
the infimum in (2.8) would be the same if it was taken over all B > 0 rather
than only over B € [1, A]. We also remark on the geometric meaning of the
quantities By, ..., By:if w € ENisa pu,-typical point and p = ¢~ 5, then B; is
approximately the number of coordinates of w that must be known before the
ith coordinate of 7 (w) can be computed with accuracy p. Thus the numbers
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Bi, ..., By are useful at estimating the vp-measure of the ball B(mw(w), p).
For a more rigorous presentation of this idea, see the proof of Theorem 2.15.

Formulas (2.9) and (2.11) share a particularly nice feature, viz. their valid-
ity does not depend on the ordering of the numbers By, ..., By (in the case
of (2.9)) or of the Lyapunov exponents x1(p), . . ., x4(p) (inthe case of (2.11)).
However, it is sometimes more useful to have versions of these formulas
that do depend on the orderings of these numbers. For convenience, for all
i=0,...,d we write

Isi:{l,...,i},

so that in particular /<o = ¥ and I<4 = D.

Proposition 2.16 If By > --- > By for somer € R and B > 0, then

h(l<; | I<i—1; db h(l<; 1 1<i— ,R
(S(I‘ B) Zfo (<l <i—1 rb) <Z ( 1 1 B,)

ieD fo xi(rp) db B ieD Xi (RB,)
(2.12)
In particular, if x1(p) < --- < xa(p) for some p € P, then
h(l<i | 1<i—1;p)
sp) =) —= = 2.13)

P Xi(P)
Remark The formula (2.13) is a special case of a theorem of Feng and Hu [18,
Theorem 2.11]. It can be viewed as an analogue of the well-known Ledrappier—
Young formula for the Hausdorff dimension of the unstable leaves of an ergodic
invariant measure of a diffeomorphism [29, Corollary D']. In fact, (2.13) is
close to being a special case of the “Ledrappier—Young formula for endo-
morphisms” [44, Theorem 2.8 and (19)], although there are formal difficulties
with deducing one from the other.? Since the formula (2.12) bears some resem-
blance to (2.13), it can be thought of as extending this Ledrappier—Young-type
formula to certain non-invariant measures of a dynamical system.

We remark that the results of this section are the first in the literature to
address dimension questions regarding self-affine sponges of dimension at
least three, with the exception of various results regarding Sierpinski sponges
[26,36,37]. This significant gap in the literature was recently posed as ques-
tion by Fraser and Howroyd [20, Question 4.3], namely how to compute the
Hausdorff dimension and the upper and lower Assouad and box dimensions

3 Specifically, it is not clear whether every expanding repeller can be embedded into an expand-
ing global endomorphism of a compact manifold.
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of self-affine sponges. The results of this subsection can be seen as partially
answering this broad question.

Outline of the paper In Sect. 3 we introduce a weakening of the Barariski
assumption that we will use in our proofs. In Sect. 4 we prove Theorem 2.15
and Proposition 2.16. In Sect. 5 we prove Theorems 2.7 and 2.11. In Sect. 6
we prove Theorem 2.9. In Sect. 7 we give new proofs of Theorems 2.4 and 2.5
using Theorem 2.11. We prove our main result, Theorem 2.8, in Sect. 8. Finally,
in Sect. 9 we list a few open questions. The sections are mostly independent
of each other, but they are ordered according to the dependencies between the
proofs.

Notation For the reader’s convenience we summarize a list of commonly
used symbols below:

IFS Iterated function system
d Dimension of the ambient Euclidean space
D p¥a,.. .4
A; The alphabet of the base IFS ®;
[oF The base IFS in coordinate i: ®; = (¢j a)aea;
A The full product alphabet: A o [Ticp Ai
E The alphabet of the IFS: E C A
[ The diagonal IFS used to define the self-affine sponge: ® def (¢a)acE
7 :EN - [0,1]% The coding map of ®
Purin IFS contraction corresponding to the word @ | n: ¢u1, def Py O+ 0Py,
Ao The limit set of ®: Ag déf]T(EN)
o:EN - EN The shift map
T[] Pushforward of a measure  under the coding map
P The space of probability measures on the alphabet E
Vp Bernoulli measure: vp = m[pN ] for some p € P
dimpyg Hausdorff dimension
dimp Dynamical dimension, see Definition 2.6
R Exponentially periodic continuous 7P-valued functions, see Definition 2.10
R Exponentially A-periodic continuous P-valued functions
Q Countable dense subset of R
rp Value of r : (0, 00) = P atb € (0, o0)
def
Mr MUr = nngN Iy )
Vr Pseudo-Bernoulli measure: vy def [ py] for somer € R
Rp, Sp etc?. Rp déf fOB rp db
ﬁ3,§3 etc. ﬁg défolRB epP
xi(p) ith Lyapunov exponent of p, see Definition 2.13
hi(p) = h(l;p) Entropy of I with respect to p for a coordinate set / C D, see Definition 2.13
h(I'11;p) Conditional entropy of I’ relative to I with respect to p, see Definition 2.13
lal; lal; (beE:a=b Viel
I; I, i)
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R* Nondegenerate cycles on E, see Definition 2.14

R R ¥R, N R*

3(p) Formula for computing dim g (vp): 6(p) def fooo h({ieD:b<1/xi(p};p) db
B; The unique solution to B = fOBi Xxi(rp) db = x; (Rp,)

s(r, B) s, BYE L [ hli e D:b < B);ry) db

8(r) Formula for computing dim g (vy):

def .
8(r) = infperi ) 8(r, B),
where X is the exponential period of r

def .
1(p, x) I(p.x)= (i € D: xi(p) <)
d(x, n) Lower pointwise dimension of u at x
Ox Dirac point measure at x
def
Xi(@1N) Xi(@1N)= —logle,,y |
(@1 N [01 NI E (r € EN: 1, € [0a]; ¥ < N)
def
Bo(N1,...,Ng) Bu(Ni,...,No) = MNieple 1 Niliy
A-B product of matrices A and B
(v, w) scalar product of vectors v and w

J def {1, 2, 3} is the index set for the sub-IFSes of our construction

J
A Probability measures on J
u
U

w1/3,1/3,1/3)

v¥ L7

4Expressions such as Sp sometimes appear without a corresponding function b + s, € P,
such as in the proof of Theorem 3.3. However, in these cases the map B +— Sp is still an
increasing map from (0, co) to the space of measures on E such that Sg(E) = B forall B > 0

3 Weaker projection conditions

In the theorems of the previous section, we always assumed that the self-
affine sponge in question was Barariski—i.e. that its base IFSes satisfied the
open set condition. This assumption is not always necessary and can in some
circumstances be replaced by a weaker assumption:

Definition 3.1 Let A be a self-affine sponge, and let / C D be a coordinate
set. Let

CI)1 = (¢I,a)aen1 (E)»

where ¢ 4 : [0, 117 — [0, 1]/ is defined by the formula

¢I,a(X) = (d)a,i (xi))iel
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and 7y : A — Aj def ]_[l-e, A; is the projection map. We call I good if the

IFS @; satisfies the open set condition, i.e. if the collection

(¢153(H1))aen1 (E)

is disjoint, where I = (0, 1). Also, a measure p € P is called good if for every
x > 0, the set
I(p,x)={i € D: xi(p) < x} (3.1

is good. Next, a cycle r € R is called good if the measures R; (B >0
are all good. Note that p is good as a measure if and only if it is good as a
constant cycle. Finally, a sponge A is good if all measures (and thus also all
cycles) on E are good. Note that every Baraniski sponge is good, since all of
its coordinate sets are good.

Theorem 3.2 (Generalization of Theorem 2.15) Let A be an arbitrary self-
affine sponge. Then for all r € R, we have

dimpg (ve) < 8(r),

with equality if r is good and nondegenerate. Here §(r) is defined in the same
way as in Theorem 2.15. In particular, for all p € P, we have

dimp (vp) < 8(p),

with equality if p is good.
Theorem 3.3 Let Ao be an arbitrary self-affine sponge. Then

sup 8(r) < dimg (P) < sup 4(r), (3.2)
reR reR

good

sup 8(p) < dimp(P) < sup 5(p). (3.3)
peP peP

good

Corollary 3.4 (Generalization of Theorems 2.7 and 2.11) Let Ag be a good
sponge. Then

dimpg (®) = sup §(r), dimp (®) = sup 6(p).
reR peP

Remark 3.5 In some cases, Theorem 3.3 can still be used to compute the
Hausdorff and dynamical dimensions of a sponge Ag¢ even if that sponge is
not good. This is because as long as the supremum of § is attained at a good
measure (resp. good cycle), then the dynamical (resp. Hausdorff) dimension
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of Ag is equal to the dimension of this measure (resp. cycle), regardless of
whether or not other measures (resp. cycles) are good.

Using the terminology of this section, we can also generalize the framework
of Lalley and Gatzouras [28] to higher dimensions:

Definition 3.6 A sponge A ¢ will be called Lalley—Gatzouras if it satisfies the
coordinate ordering condition with respect to some permutation o of D, such
that the sets o (I<;) (i € D) are all good. Equivalently, a sponge is Lalley—
Gatzouras if it is good and satisfies the coordinate ordering condition.

We do not prove any theorems specifically about Lalley—Gatzouras sponges,
since they do not seem to behave any differently from general good sponges.
However, it is worth noting that since all Lalley—Gatzouras sponges are good,
all our theorems about good sponges apply to them, so that we are truly gen-
eralizing the framework of [28] as well as the framework of [3]. We also note
that the sponge of Theorem 2.8 is a Lalley—Gatzouras sponge, since it is a
Barariski sponge that satisfies the coordinate ordering condition.

4 Dimensions of pseudo-Bernoulli measures

In this section we compute the Hausdorff dimension of pseudo-Bernoulli
measures, proving Theorem 3.2 (which implies Theorem 2.15) and Propo-
sition 2.16. Our main tool will be the Rogers—Taylor density theorem, a
well-known formula for computing the Hausdorff dimension of a measure:

Theorem 4.1 ([46]) If 11 is a probability measure on R and S € RY is a set
of positive |L-measure, then

inf d(x. ) < dimp () < supd(x. o).
Xe

xeS$

where

I B(x,
d(x, 1)  lim inf log u(B(x, p))
p=0  log(p)

is the lower pointwise dimension of u at X. In particular,

dimpg (@) = ess supycra d(X, ().

We prove Proposition 2.16 first, since it will be used in the proof of Theo-
rem 3.2. We need a lemma, which will also be used in the proof of Theorem 2.8:
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Lemma 4.2 (Near-linearity of entropy) Let J be a finite set, let (q;) jej be a
probability vector, and let (p;) jej be a family of elements of P. Then for all
I cl cD,

Yoaqih' 1 Lipp) <h [ I'1 1) qipj | <D ik’ 1 I; pj)+log#(J).
jeJ jeJ jeJ

4.1)
Proof Let p be the probability measure on J x E given by the formula p =
> jes4jdj x pj, where §; denotes the Dirac point measure at j. Consider the
partitions on J x E given by the formulas

AL (Ixalp:acE), BE (Ix[alj:acE), CE{IxE:jel)

Then (4.1) is equivalent to the inequalities
Hy(A1BVvC) < Hy(A1B) < Hy(A1BVC) +log#(C),

where Hy(- | -) denotes the standard conditional entropy of two partitions.
These inequalities follow from well-known facts about entropy, see e.g. [43,
Theorem 2.3.3(f)]. |
Corollary 4.3 Let J be a Borel measurable space, let q be a probability

measure on J, and let (p;)jcs be a family of elements of 'P. Then for all
Icl' cD,

/h(1/1 I;:pj) dq(j) §h<1/1 1;/pj d(I(j)>-

Proof If A is a finite partition of J, then Lemma 4.2 shows that

1 : :
Zh(ﬂ Lo P dqm) q(A) 5h<1’1 1;/p,- dqm).
AcA q A
Letting A tend to the partition of J into points completes the proof. O

Proof of Proposition 2.16 Write By = 0, so that By > --- > B;41. Then

ieD:b<B)=I<; Vj=1,...,d Vb € (Bj+1, B)),
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and{i € D : b < B;} =¥ forall b > Bj. Thus

BS(r, B) = /h({i €D :b<B)iry) db

d B;
= Z/ h(I<i;rp) db

i=1 i+1

d+1

B; B;
/ h(lsiQFb)db—Z/ h(Ii1: 1) db
i=2 V0

170

Il
M&

~.

B;
f h(lei | Ieiot: 1) db
0

Il
‘M’“‘“

1

Bih(I<i 1 I<i—1; Rp). (by Corollary 4.3)

=

-

i=1

Dividing by B and then applying (2.10) yields (2.12). Considering the special
case where r is constant yields (2.13). |

Proof of Theorem 3.2 For convenience, in this proof we use the max norm on
R, Fix r € R, and let w;, wy, ... be a sequence of E-valued independent
random variables, such that the distribution of w,, isr,. Then w = wjwy - - - is
an EN-valued random variable with distribution ur. Foreachi € D, consider
the sequence of random variables

(—loglgs, il)sen
and for each I C D, consider the sequence of random variables
(—logra(lwnlD), e

(cf. (2.7)). Each of these sequences is a sequence of independent random
variables with uniformly bounded variance,* so by [11, Corollary A.8]° the
law of large numbers holds for these sequences, i.e.

N N
= logle,, ;| =D xi(ra) + o(N)
n=1 n=1

N N
— Zlog r,([walr) = Z hi(rp) + o(N)

n=1 n=1

4 The variance of — logry ([wn]r) is at most #(E) maxy¢[o,1] X log2 (x).
3 This is called Corollary 1.8 in the appendix of the preprint version of [11].
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almost surely. Moreover, since r € R, we have

sup ||ty —rp[| —— 0,
b.b'>B B—o0
|b—b'|<1

where || - || is any norm on the space of measures of E. Since the functions x;
(i € D)and h; (I C D) are continuous, this implies that

N
0

N
> = [ i) db+ o)
n=1

N N
> hi(ry) =f0 hi(rp) db + o(N).
n=1

Now let us introduce the notation

Xi(w|N) = _logl‘p;)]}vﬂ
[w] Nl ={r € EN : 1, € [w,]; Vn < N},

so that
N
Xi(@]N) == loglg,, ;| = xi(Ry) + o(N)
n=1

N N
—tog el | N1p) = — 3 logru(fwnl) = /0 () db+ o(N).
n=1

For all Ny, ..., Ng € N, write

Bo(Ni,.... NS (w1 Nils 4.2)
ieD

and note that

diam (7 (Bu (N1, ..., Ng))) < max exp(—X; (@ | Ni))
[AS]

since we are using the max norm. Now let p > 0 be a small number, let
B = —log(p), and let By, ..., B; > 0 be given by (2.10). Without loss of
generality suppose that By > --- > By.
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We proceed to prove that dimg (vy) < §(r). Fix ¢ > 0, and for eachi € D
let N; = | (1 + ¢)B;]. Then if B is sufficiently large (depending on ¢), then

Xi(@w1N;) = xi(Rp,) = B=—log(p) VieD,
and thus
7(Bu(Ni, ..., Ng)) C B(m (), p).

So

_log Vr(B(ﬂ'(Cl)), /0)) = _10g /’Ll'(Ba)(Nl? ey Nd))

- — Z log rn([wn]{ieD:nSNi})
neN

Ni
. def
- Z Z log rn([a)n]lsi) (with Ng41 = 0)

ieD n=Ni1+1

_ Zf h(li; 1) db + o(N;)
N,

ieD i+1
N;
= [ w1t db o+ o)
ieD
_Z/ h(li | I<i—1:1p) db + O(eB) + o(B)
ieD

= B[§(xr, B) + O(e) + o(1)] (by Proposition 2.16)
and thus

log ve (B(7 (), )
log(p)

<é(,B)+ O(e) +o(1).

Letting B — oo (i.e. p — 0) and then ¢ — 0, we get

d(7(w), vy) < liminf §(r, B),
B—o0

where d is as in Theorem 4.1. But since r is exponentially periodic, so is
B +— 4(r, B), and thus

liminf é(r, B) = inf &(r, B) = ().
B—o0 Be[l,A]
Combining with Theorem 4.1 proves that dimg (vy) < é(r).
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Now suppose that r is good and nondegenerate, and we will show that
dimg (vr) > §(r). Without loss of generality assume that £, = E. Consider

the numbers N; def (1 —¢e)B;] (i € D). We will show that
a7} (B((w), p)) C Bu(Ni, ..., Ng) for all B sufficiently large  (4.3)

almost surely. By the preceding calculations, this suffices to finish the proof.

We consider the auxiliary numbers M; def L(1 —e/2)B;] (i € D). We also
let

— min mi in dist(x, #; ,([0.1])), C=—1 .
eo=min min  min dis (x, ¢i.a([0, 11)) 0g(£0)

x¢6¢;,q([0,1])

If B is sufficiently large (depending on ¢), then
Xi(w1 M;) < xi(Rg,)) —C =B —C = —log(p/ep) Vi € D. (4.4)
Now fix i € D, and consider the sequence of random events

def

(En(l) = [‘Pwn,i © ¢wn+1,i([0v 1]) - (0’ 1)])neN'

These events are not independent, but the subsequences corresponding to even
and odd indices are both sequences of independent events. So again by [11,
Corollary 1.8 in the Appendix], we have

N
#{n < N : Ey(i) holds} = Y py + o(N),

n=1
almost surely, where p,, is the probability of E;,. In particular, for all j € D

M;
#{Nj <n < M;: E,(i) holds} = Z Dn +o0(Mj).
n=N;

Letting
(@ =pxp({(@b) € E”: ¢aiodpi(0,1]) C (0, D)), (4.5)

we have p, = f(r,) + o(1) and thus

(1—¢/2)B;
#N; <n < M;: E,(i) holds} = / f(rp) db 4 o(B).
(1—-¢)B;
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Now without loss of generality suppose that ¢, ; o ¢p; ([0, 1]) C (0, 1) for
some a,b € E. (If not, then there exists x € {0, 1} such that ¢, ;(x) = x
for all a € E, in which case the coordinate i can be ignored since its value is
constant over the entire sponge Ag.) Then f(p) > O for all p € P such that
p(a) > Oforall a € E = E;. So since r is nondegenerate, we have

(1—¢/2)B;
/ f(rp)db =3B
(1-€)B;

for some § > 0 depending on ¢. So we have
{Nj <n<M;: E,(i)holds} # @ (4.6)

for all B sufficiently large (depending on ¢).

Now fix 7 € EN such that 7(r) € B(7(w), p), and we will show that
T € By(Ny, ..., Ng). Indeed, by contradiction, suppose that T ¢ [w | N;](j
for some j € D, and let

I=1Rgp,. B/Bj)={ieD:B>Bj)

(cf. (3.1)). Since r is good, so is I. Moreover, since j € I, we have T ¢ [w |
Njl;. Write N = Nj and M = M;. Then

p = dist(r (w), 77 (1))
> dist(¢piar, 1 ([0, 117), RN\ @uin,1((0, D)) (since 7is good)
> £9min \briai | (by (4.6))

= 80€Xp(—1?§XXi(w] Mj))

zeoexp(—maIxXi(a)1 M), (since B; > B; Vi € I)
IAS]
which contradicts (4.4). This demonstrates (4.3), completing the proof. O

5 Hausdorff and dynamical dimensions of self-affine sponges
In this section we compute the Hausdorff and dynamical dimensions of a

self-affine sponge by proving Theorem 3.3, which implies Theorems 2.7 and
2.11.

Proof of Theorem 3.3 Letr € R be a good cycle. Fix 0 < ¢ < 1, and let
sp =1 —e)rpi-— + 8ﬁbl—s,
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so that S = B*Rpi_. Since r is a good cycle, so is s. For all a € Eg = Er
and b > 0, we have Ry 1—-(a) > 0 and thus sy(a) > 0, so s is nondegenerate.
Thus by Theorem 3.2, we have

dimy (®) > dimg (vs) = §(s) —0> 3(r).

Taking the supremum over all good r € R proves the left-hand inequality
of (3.2). On the other hand, the left-hand inequality of (3.3) is immediate
from Theorem 3.2.

We will now prove the right-hand inequalities of (3.2) and (3.3). For each
r € Rand ¢ > 0, we let

Sre = {X € Ao 1 d(x, vr) <48(r) +8},

where §(r) denotes the right-hand side of (2.8). By Theorem 4.1, we have
dimpy (Sr,e) < 8(r) + €. Now for each rational > 1 let Q) be a countable
dense subsetof R;, andlet @ = (U, ., ¢ Qs Then since Hausdorff dimension
is o-stable, the sets

S1Z (U Sree

e>0reQ

$SE (U Spe

e>0peQ;

satisfy

dimp (S1) < sup d(r),
reQ

dimpg (82) < sup §(p).
peQ

To complete the proof, we need to show that

dimy (®) < dimpg(Sy), (5.1)
dimp(P) < dimgy(S2). 5.2)

We will prove (5.1) first, since afterwards it will be easy to modify the proof
to show (5.2). Fix w € EY, and we will show that 7 (w) € S;. Foreach N € N
let

N
Py =) 5, Py = 5P (5.3)
n=1
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If p is a signed measure on E, then we let

Ipll = Ip(@)].

ackE

Claim 5.1 Forall C > 1 and e > 0, there exist 1 < A € Qandr € Q; such
that for all B € [1, A],

lim inf sup IRy — Pyl <e. (5.4)
k=00 prerc-134B,Cak B

Moreover, ¥ may be taken so that vy, € P* for all b > 0, where

P*(ig{pepzp(a) >0 Va e EJ.

Proof By compactness, there is a sequence of Ns such that for all B € QT
we have

%PNB --» Qs, (5.5)

where --» indicates convergence along this sequence. Since the map Q* >
B — Qp is increasing and uniformly continuous (in fact 1-Lipschitz), it can
be extended to an increasing continuous map R* > B — Qp. Note that
Qp(E) = Bforall B € RT. Write Qg = B~!Qp € P.

Fix 0A< g3 < & < 1 small to be determined. For each t € R write
q(t) = Qexp(r)- For all 1, > t;, we have

la(z2) —q@) |l
= le ™ Qexp(r) — € " Qexp(e) |
= |le 2 (e""a + (e — e")b) — e " (e"a)|| (for some a, b € P)
= [le™(e” — ") (b —a)||
<2e7?(e? =€) <2 — 1), (since ||la]l = [[b]| = 1)

i.e. q is 2-Lipschitz. By the Arzela—Ascoli theorem the collection of all 2-
Lipschitz maps from R to P is compact in the topology of locally uniform
convergence. Since the translated paths ¢ — q(7 + t) (T € R) are members
of this collection, it follows that there exist 77, T, € R with p; & n—T >
log(C), suchthatforall t € [—log(C), log(C)], lq(T2+1) —q(T1 +1)|| < e3.
Let Ay = exp(T1), Ay = exp(T2),and Ay = Az/A1 = exp(p1) > C. Then

forall B € [C™!, C], we have [|[Qa,5 — Q4,5 < é3. (5.6)
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Now foreach B € [Aj, A2],letSp = (1—£2)Qp+e2Bu andSz = B~!Sp =
(1 — &2)Qp + eru, where u € P is the normalized uniform measure on E.
(We will later define Sp for B ¢ [A1, A] as well, but not with this formula.)
Let § = #(E)e3/er > 0. Then

(1+8)Sa, —Sa, = (1 — e2)((1 +8)Qa, — Qu,) + Se2u
> (1 - 82)(QA1 — QAZ) + 8eou
> —(1—)[1Qa, — Qa, I#(E)u + seou
> —#(E)esu + deou = 0. (by (5.6)

Let A € [(14+8)A1, (1 4+28)A1] be arational number, so that AS4, > S4,. We
let Sya, = AS4,, and we define B — Sp on the interval [A», AA1] by linear
interpolation:

Sp =S4, + (kSAl Sa,) forall B € [Ay, AA1],

AAL — Ao

and as before we let SB = B~ 1SB Then S;‘Al = SAI, so there is a umque
exponentially A-periodic extension S: (0,00) - P. Welet Sp = BSj, and
note that S is increasing.

Fix B € [AA{, CAA]. Since A; > C, we have

Sp =Sp; ~+ Qg (since B/A € [A1, CA(] C [A, A2))

g0—0
+ Q(AI/A)B (by (5.6)
e3—>0
~4 QB, (sincel < A/A; <14 26)
§—0

where X ~, Y means that the distance between X and Y tends to zero as the
appropriate limit is taken. Similar logic applies if B € [C~'A1, A1], and the
cases B € [A|, Ay]and B € [A,, AA] are even easier. So

sup ISg — Qpll —— 0. (5.7)
Be[C—1A[,CAA] £2,6—0

For each N, letk = ky € N be chosen so that A "¥N € [1, A]. After extracting
a subsequence from the sequence along which (5.5) converges, we can assume
that

ATEN —=5 x € [1,A). (5.8)

Now let ¥ : R — [0, co) be a smooth approximation of the Dirac delta
function, let
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T.p = /§6,B¢(t) dt,

and lett, = (9/ 8b)[bTb]. Then t € R,;, and by choosing i appropriately we
can guarantee R R
sup [|Txp — Spll < &2. (5.9)
B>0
Finally, letr € Q; be an approximation of t, such that r;, € P* forall b > 0,
and
sup ||rp — tp|| < €. (5.10)
b>0
Now fix B € [1, A],let N be large, and let k = k. Letk’ € Z be chosen so that
NA, <2¥B < NAA|.Nowfix M € [C"'A¥B, CAK' B],andlet B' = M/N.
By our choice of k/, we have C"'A| < B’ < CAA;. Thus

Py =Pyp ~; Qp (by(5.5)

N--s00
~+ Sy (by(5.7)
£2,6—0
~4 ﬁxB/ (by (5.9) and (5.10))
e—0
~+ Riwyp =Ry, (by(5.8))
N--s00
which completes the proof of the claim. O

Now fix A > 1, B € [1,A],and k € N. Foreachi € D, let N; = [A*B; ],
where B; is given by (2.10). Since x; is bounded from above and below on
P, there exists a constant C > 1 (independent of A, B, and k) such that
N; € [C"'AkB,CA¥B].Fixe > Oandlet] <1 € Qandr € Q) be as in
Claim 5.1. Then

N;
Xi]Np) = =) loglg), ;| = xi(Py,)
n=1
~x Xi(Rn;) (ase — 0)
~x Xi(RkkBi) (aS k —> OO)
= M x(Rgp) =B, (by (2.10))

where X ~, Y means that X/Y — 1 as the appropriate limit is taken. So for
some 8> > 0 such that 0 — 0 as ¢ — 0 and k — oo, we have

Xi(w1 N;) = (1 —8)2B.

@ Springer



T. Das, D. Simmons

Letting px = exp(—(1 —8,)AFB), we have By, (N1, ..., Ng) C 7~ " (B(n(w),
pr)) (cf. (4.2)) and thus

—~log v (B((@). pr)) < —log tte(Bu(N1. ... No)

== Z logr,([wnl{ieD:n<n;})- (5.11)
neN

In order to estimate the right-hand side, let s : (0, c0) — P be a piecewise
constant and exponentially periodic approximation of r. Let F' denote the
range of s, and note that F is finite. Then since r, € P* for all b > 0, we can
continue the calculation as follows:

~x = Y _logs,([wnljicpn=N;)) (ass — 1)
neN

= - > > Y logtw.ln.

W#£ICD teF neN
s, =t
{ieD:n<Nj}=I

Now foreach ¥ = I C D and t € F, the set
[n>eB:s, =t {ieD:n<N;j}=1}

can be written as the union of at most C; disjoint intervals, where C, depends
only on ¢ and s. Write this collection of intervals as Z(/, t).

We continue the calculation begun in (5.11), using the notation k --+ 0o to
denote convergence along the sequence tending to the liminf in (5.4):

~e— Y Yy logt(w,lr) (as & — 0)

P#ICDteF  p>epkp
sp=t
{ieD:n<N;}=I

= -2 X /logtﬂal:)d[PMz—PMl](a)

@AICD teF (My,Ma]eZ(L,t)

~e= Yoy, /logt([a]I) d[Ry, — Ry, l(@) (ase — Oand k --» 00)

@£ICD teF (My,My1eZ(1,t)

n+1
- / log sy ([aljicpm=n,)) drs(a) db

n>erkB "
n+1
~y — Zf flog r,([aliiep:n<n;)) drp(a) db (ase > 0ands —r)
neNv"
~x —/f logry([alijep:p<;kp,)) drp(a) db (as k — 00)

= /h({i € D:b < A*B;};rp) db = AFBs(r, B).
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Dividing by the asymptotic A*B ~, —1log(px) (valid as ¢ — 0) and letting
k --+ oo and s — r shows that

log v (B((w), pr))
log(ox)

d(r (@), vr) < liminf =< (1 +0(1))é(r, B),

where the o(1) term decays to zero as ¢ — 0. Taking the infimum over
B e [1, A] gives

d(@(w), vr) = (1 4+ 0(1))4(r),

which proves that 7 (w) € S1, demonstrating (5.1).

Now we prove (5.2). Le/t\ Q be the set of all @ € EN such that the limit
limy_ ~ Py exists, where Py € P is given by (5.3). By the ergodic theorem,
every invariant measure gives full measure to €2, so dimp (®) < dimpg (7w (2)).
Now for each w € €2, we can chooser = pE Q1 N'P* satisfying (5.4), namely
any approximation to the limit limy_, o Py . The remainder of the argument
(i.e. everything after the proof of Claim 5.1) is still applicable, and shows that
d(m(w), vp) < (1 +0(1))8(p), so m(w) € S>. Since w was arbitrary, we have
w(2) C S,, demonstrating (5.2). O

6 Continuity of dimension functions

In this section we prove the continuity of the Hausdorff and dynamical dimen-
sions as functions of the defining IFS, i.e. Theorem 2.9.

Theorem 6.1 (Generalization of Theorem 2.9) The functions

® — supé(r), ® — sup s(p)
reR peP

are continuous on the space of all diagonal IFSes.
Proof 1t is easy to see that the maps
(®.i,p) = xi(p), (@, 1,p) = hi(p)
are continuous. Applying (2.11) shows that the map
(®,p) — 5(p)

is continuous. Since P is compact, it follows that the map ® > sup,.p 5(p)
is continuous.
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Now if we endow R with the topology of locally uniform convergence, then
the maps

(®,i,r, B) — B;, (®,r, B) — 6(r, B)

are continuous. Since the infimum in (2.8) is taken over a compact set, it
follows that the map

(P, A, r) — §(r)

is continuous. Here we need to include X as an input because of its appearance
in the formula (2.8).

Now we define the exponential Lipschitz constant of a cycler € R to
be the Lipschitz constant of the periodic function # > Texp(). Note that
although some elements of R have infinite exponential Lipschitz constant,
we can choose the countable dense subsets Q, C R, appearing in the proof

of Theorem 3.3 so that all elements of O def Ul <2eQ O, have finite exponen-
tial Lipschitz constant. For each £ > 1, let R[k (resp. 9, k) denote the set
of all cycles r € R, (resp. r € Q;) with exponential Lipschitz constant < k.
Then by the Arzela—Ascoli theorem, the set

[] Rax=10.1) 1€kl reRys)
rell,k]

is compact, and thus for each k the map
def

D 6 = sup a(r)
reUAe[l,k] Rk

is continuous. To complete the proof, we need to show that the convergence

8 —> sup 8(r)
k=00 reR

is locally uniform with respect to .
Indeed, fix ¢ > 0, and let 0 < €3 < &3 < 1 be as in the proof of Claim 5.1.
Then:

e The numbers 77, 7> € R appearing in the proof of Claim 5.1 may be chosen

so that pg def T, — T} is bounded depending only on C, €3, and #(E). Since
A can be bounded in terms of pj, this shows that the A appearing in the
conclusion of Claim 5.1 can be bounded in terms of the C and ¢ that appear
in the hypotheses. Now C depends only on the maximum and minimum
of the function D x P 5 (i, p) — xi(p), so it is bounded when ® ranges
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over a compact set. So A can be bounded in terms of &, assuming that ®
ranges over a compact set.

e The exponential Lipschitz constant of the function t appearing in the proof
of Claim 5.1 can be bounded in terms of the C? norm of the smooth function
Y. The function i depends only on &,, which in turn depends only on ¢.
Moreover, an approximation r € Q, of t satisfying (5.10) can be found
with exponential Lipschitz constant bounded in terms of the Lipschitz norm
of t. So the exponential Lipschitz constant of r is bounded in terms of €.

e The rate of convergence of the o(1) term to O at the end of the proof of
Theorem 3.3 is locally uniform with respect to ® as ¢ — 0.

Thus the proof of Theorem 3.3 actually shows that

dimy (@) <dimy [ () | U See < inf [8k(e) + &1
£>01€QN[1,k(e)] T€Q) k(e) -

for some function k that can be taken to be independent of ® as ® ranges over
a compact set. Thus if A¢ is good, then

Sk(s) = sup 8(r) — &, (6.1)
reR

which completes the proof in this case. If A ¢ or its perturbations are not good,
then we may justify the inequality (6.1) by appealing to the existence of a
good sponge Ay with good perturbations, indexed by the same set E, such
that |1ﬁi/,a| = |<]§lf’a|“ foralli € D and a € A;. Here « > 0 must be chosen
large enough so that ) A |¢lf’a|°‘ < 1 for all i € D, which guarantees the
existence of a base IFS W; whose perturbations satisfy the open set condition.
It is readily verified that §y (r) = d¢(r)/a for all r € R, so that (6.1) holds

for @ if and only if it holds for W. O

7 Special cases where dimg (®) = dimp (P)

In this section we give new proofs of Theorems 2.4 and 2.5, i.e. equality of
the Hausdorff and dynamical dimensions in certain special cases, based on the
results of the previous sections. Both of the theorems can now be stated in
somewhat greater generality than they were in the introduction.

Theorem 7.1 (Generalization of Theorem 2.5) Let A ¢ be a good sponge such
that for alli € D, the map A; > a +— |¢lf’a| is constant. Then dimy (®) =
dimp (D).
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Proof Fix r € R, and we will show that §(r) < dimp(®). Foreachi € D,
let r; > 0 be the constant such that |¢lf’ o =riforalla € A;, and let X; =
—log(r;). Forall B > 0andi € D, we have

B = xi(Rp;) = X B,

i.e. B = B/ X;. Now without loss of generality suppose that X| < --- < Xg.
Then

8(r) < ! /kS( B)dB by (2.8
S ) e
I [*<h(<11<i—1;Rp) dB
= — o by (2.12
- log@)/l LT R,y B by 212
1 [ h(<i11<i—1;Rs) dA .
= = = — letting A = B;
10g()»)/1 ED: xi(R4) A (letting )
_ fxaﬁ da by (2.13
= 1020 )i PRO (by (2.13))
< ! /kd' (d))d—A—d' (P) (by (2.2) and (2.11))
= Tz mp il mp . y (2.2) and (2.

The key step in this proof is the substitution A = B; = B/ X;, which is valid
because dB;/B; = dB/B. In general, when B; and B are only related by the
formula (2.10), the relation d B; / B; = d B/ B is not valid, and that is the reason
that this proof does not work in the general case. O

Theorem 7.2 (Generalization of Theorem 2.4) For every good sponge Ao C
[0, 119, we have

dimy (®) < max(l,d — 1)dimp (D).

In particular, if d < 2 then dimy (®) = dimp (D).

Proof Fix r € 'R, and we will show that §(r) < max(1,d — 1)dimp(®P). For
each B > O0andi € D we let

Jip=1{jeD:yxjRp) <" xi(Rp)},
where the star on the inequality means that in the case of a tie, we determine
whether or not the inequality is true using an arbitrary but fixed “tiebreaker”

total order < on D: we declare the inequality to be true if j < i, and false if
j > 1. Then we let
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h(J; g Ui} 1 Ji,B: ﬁB)_

\(B) = A
JitB) xi(Rp)

Now,

o If Xl(ﬁg) <*...o<F Xd(ﬁg), then J; p = I<;_1, and so by Theorem 2.7
and Proposition 2.16,

dimp(®) = 3Rp) = ) fi(B). (7.1

ieD

o If By >* ... >* By, then x;(Rp;) <* x;(Rp,) <* x;j(Rp,) for all
Jj <i<j',solJip =I<i_1,and thus by Proposition 2.16, we have

5(r) <8(r, B) < ) fi(BY), (7.2)

ieD
where By, ..., By > 0 are as in (2.10).

Both of these hypotheses can be attained by appropriately permuting D, assum-
ing that the tiebreaker total order is getting permuted as well. So since the
formulas (7.1) and (7.2) are invariant under permutations of D, they are true
regardless of how the numbers x; (Rp) (i € D) and B; (i € D) are ordered.

Now fix ¢ > 0, and let B > 0 be chosen so that fi(B;) < inf(f]) + €.
(This is possible because the map B +— Bj is a homeomorphism of (0, 00).)
If d > 2, then we get

f1(B1) + f2(B2) < fi(B2) + &+ f2(B2) <dimp(P) +¢

and thus

d

() <Y fi(B) < dimp(®) +&+ Y fi(B) < (d — dimp(®) + &
ieD i=3

Since r and ¢ were arbitrary, we get dimy(®) < (d — Ddimp(P). If
d = 1, then dimy (®) = dimp(P), so in any case dimy (P) < max(l,d —
Ddimp (D). O

Remark 7.3 This new way of proving Theorem 2.4 sheds light on the
question of why there is a difference between the two-dimensional and three-
dimensional settings. Namely, since we used the assumption d = 2 only at the
last possible moment, the proof clarifies exactly how the assumption is needed
in the argument.
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At a very abstract level, the difference between the two-dimensional and
three-dimensional case can be described as follows: The Hausdorff dimen-
sion of a “homogeneous” non-invariant measure (such as a pseudo-Bernoulli
measure) is equal to the lim inf of its dimension at different length scales. At
each length scale, the dimension is equal to the sum of the coordinatewise
dimensions at that scale. So if §; is the coordinatewise dimension as a function
of the length scale p, then

dim g (non-invariant measure) = lim inf Z 3i (p).
p—>0 =

1

Now, the existence of this non-invariant homogeneous measure will allow
us to deduce the existence of certain invariant measures, namely there exist
continuously varying tuples of length scales (p1, ..., pg) — 0 such that there
is some invariant measure which for all i has the same behavior as the non-
invariant measure in coordinate i and length scale p;. The dimension of such
a measure would be

dim g (invariant measure) = Z 8i (pi).
i

Obviously, the problem with comparing these two formulas is that the p;s may
be different from each other. In dimension 1, there is only one number p; so
there is no issue. But we can handle one more dimension using the fact that the
first formula has a lim inf instead of a lim sup. Namely, we can choose a value
of p so as to minimize one of the numbers §; (p), for concreteness say §1(p).
This handles the first coordinate, and we can handle the second coordinate by
choosing the pair (p1, p2) so that p» = p. But there is no way to handle any
more coordinates.

One aspect of this explanation is that it implies that the reason we can handle
two coordinates instead of just one is that we are considering the Hausdorff
dimension, which corresponds to a lim inf, rather than the packing dimension,
which corresponds to alim sup. It is well-known that the Hausdorff and packing
dimensions of a self-affine set can be different even in two dimensions; see e.g.
[28, Theorem 4.6] together with [38, Proposition 2.2(i)]. This is in contrast
to the situation for finite conformal 1FSes, where the Hausdorff and packing
dimensions are always the same [31, Lemma 3.14].

8 Construction of dimension gap sponges
In this section we prove the main result of this paper, the existence of sponges

with a dimension gap, viz. Theorem 2.8. Before starting the proof, we give a
sketch to convey the main ideas. In the sketch we write down formulas without
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Fig. 2 An example of the
disjoint-union-of-product-
IFSes construction, with
#(D) = #(J) = 2. In the
actual proof of Theorem 2.8
we have #(D) = #(J) =3

giving any justification, since these formulas will be justified in detail in the
real proof.

CONVENTION 1 We denote the product of two matrices A and B by A-B. It
should not be confused with the scalar product of two vectors v and w, which
we denote by (v, w).

Proof Sketch of Theorem 2.8 The goal is to find a diagonal IFS ® = (¢ )acE
on [0, 11? and a cycle r € R such that dimg (vy) > dimp(®). The IFS will
be of a special form: it will be the disjoint union of three sub-IFSes, each of
which will be the direct product of three similarity IFSes on [0, 1] (cf. Fig. 2).
Letting D = J = {1, 2, 3}, we can write ® = ]_[jej [licp @i, j, where for
eachi € Dand j € J, ®;; = ((bi,j,a)aEEl"j is a similarity IFS on [0, 1]
consisting of similarities all with the same contraction ratio. The properties
of the overall IFS @ are determined up to some fudge factors by the entropy
and Lyapunov exponents of the component IFSes ®; ; (i € D, j € J), which
we denote by H; ; and X; ;, respectively. (In the actual proof, the entropy and
Lyapunov exponent of ®; ; will only be approximately proportional to H; ;
and X; ;, rather than equal.) The matrices H = (H; ;) and X = (X; ;) can be
more or less arbitrary, subject to the restriction that 0 < H; ; < X; j, which
describes the fact that the dimension of the limit set of ®; ; must be strictly
between 0 and 1. To make the overall IFS satisfy the coordinate ordering
condition, the further restriction X; ; < X; 1, ; is also needed.

Once the relation between @ and the matrices H and X has been estab-
lished, dimp (®) can be estimated based on H and X. The maximum of the
function p +— §(p) is always attained at points of the form ) jes 4ju;

. . def .
where u; denotes the normalized uniform measure on E; = [[;cp Ei j, i.e.
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Fig. 3 The inscribed circle
of the simplex A, which
represents the trajectory of s.
This trajectory geometrically
represents the non-
invariant/pseudo-Bernoulli
measure that we prove has
dimension strictly greater
than the dynamical
dimension, while its center u
represents the
invariant/Bernoulli measure
of maximal dimension

q1

q2 qs

u; = #(Ej)_1 ZaeE,- 8a, and q = (g1, ¢2, q3) € R’ is a probability vector.
Equivalently, the maximum is attained at M- q for some q € A, where A C R’/
is the space of probability vectorson J and M-e; = u; forall j € J. Here and
hereafter (e;)jc; denotes the standard basis of R’. To make things simpler
later, we will choose H and X so that we can be even more precise: the maxi-
mum of p — §(p) is attained at p = M - u, whereu = (1/3,1/3,1/3) € A
is the normalized uniform measure on J.

Next, let us describe the cycle r € R for which we will prove that
dimg(vy) > dimp(P). Its range will consist of probability vectors of the
form M - q with q € A, i.e. those probability vectors which were considered
candidates for the maximum of p +— §(p) in the previous paragraph. So we
can write rp, = M - sp, where s : (0, 00) — A is exponentially periodic. The
trajectory of s will be the inscribed circle of the triangle A (cf. Fig. 3), and the
exponential period of s will be ¢>™? for some small number y > 0. Formally,
we will write

Sexp(yt) = z(1)

where z : R — A is a unit speed (with respect to angle) parameterization of
the inscribed circle of A. (In the actual proof, for greater generality we will
let p denote the period of z, so that in our case p = 2r.)

Remark 8.1 The fact that the trajectory of s is a circle is motivated by the fact
that s should be (exponentially) periodic and smooth, and that the “center”
of its trajectory should be the maximum of p +— §(p). The fact that the
exponential period is close to 1 is motivated by the fact that the “advantage”
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that non-constant cycles r € R have over constant points p € P is the fact
that they are “moving”, so to maximize this advantage, it makes sense to
maximize the speed of motion. However, the tradeoff is that the dimension
gap dimg (vy) — dimp (P) ends up depending proportionally on y as y — 0
(see (8.1) below), so the size of the dimension gap tends to zero as y — 0.
This is one of the reasons that it is difficult for us to get good lower bounds on
the size of the dimension gap; cf. Questions 9.2.

With this setup, after making the additional simplification that H; -u = 2i-1
and X; -u = 2! forall i € D, where H; and X; denote the ith rows of H and
X, respectively, one finds that the size of the dimension gap is

dimy; (ve) = dimp(®) =y _inf ZDK (o) + 0%,  (8.1)
1

where K; = 27/(H; — (1/2)X;),Z : R — R’ is a unit speed parameterization
of a certain circle in the plane P = {q € RY : q1+ g+ q3 =0}, and ;o is
defined by the equation

t =ti0+ Y Z(tio) Vi, (8.2)

where Y; = 27X;. So the goal now is to make the coefficient of y in (8.1)
positive, while still making sure that the maximum of p — &(p) is attained at
p = M - u. This is done most efficiently by assuming that K and Y are close to
a known value that would lead to the map A 5 q — §(M - q) being constant;
ie.

K = ¢K, Y =U +¢Y,

where U is the 3 x 3 matrix whose entries are all equal to 1, K and Y are
matrices chosen sothat K-u =Y -u = 0, and ¢ > 0 is small. Then the time
t; o defined by (8.2) approaches ¢ as ¢ — 0, so the coefficient of y in (8.1)
becomes

e inf K;-ZO[-Yi Z1]+ 0,
t€[0,2m]

so we need the coefficient of €2 in this expression to be positive:

sup (Ki-Z ()Y -Z(1)) < 0. (8.3)
t€l0,2m]

At the same time, we need the maximum of p +— &(p) to be attained at
p = M - u; it is enough to check that
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Y Ki =0, > K q)(Y;-q) >0 ¥qeR\Ru. (8.4)
ieD ieD

The proof is then completed by finding matrices K and Y that satisfy all
these requirements. Intuitively, the difficulty should come in reconciling the
requirements (8.3) and (8.4), since the latter is what shows that a constant
element of A cannot produce a dimension greater than 3/2, while the former
is what shows that the nonconstant circular cycle can produce such a dimension
gap. However, the requirements are compatible because (8.3) incorporates the
geometry of circular motion, in which the derivative Z/(z) is always orthogonal
to Z(t), while (8.4) cannot incorporate the geometry of any shape because it
comes from considering only constant cycles. This completes the proof sketch.

O

Proof of Theorem 2.8 1t suffices to consider the case d = 3, since a 3-
dimensional Barariski sponge can be isometrically embedded into any higher
dimension. Let H = (H; ;) and X = (X; ;) be 3 x 3 matrices to be specified

later. We think of their rows as being indexed by the set D def {1, 2, 3}, while

their columns are indexed by J o {1, 2, 3}. Here we have made a conceptual

distinction between the sets D and J even though they are set-theoretically
the same, because the fact that these two sets have the same cardinality has
no relevance until much later in the argument. Geometrically, D corresponds
to the number of dimensions (i.e. D is the set of coordinates), while J corre-
sponds to the number of distinct “types” of contractions that we will put into
our diagonal IFS. We will assume that

0<H,',j<X,',j VieD VjEJ,
Xi,j<Xi+l,j Vi=1,2 VjEJ. (85)

Fix k large. For eachi € D and j € J, let N;; = LekHii | and rij =
e kXij and let b ;= ((pi,j,a)aeE,-J be a one-dimensional IFS of contracting
similarities satisfying the strong separation condition with respect to [0, 1]
such that

(A ¢i,j,a([0, 1) C ((j —1)/3, j/3) foralla € E; j;
(H) #(Ei,j) = N,',J'; and
(IH) |¢t{,j,a| =Tij forall a € Ei,j-

This is possible as long as N; jr; j < 1/3, which is true for all sufficiently
large k, since by hypothesis H; ; < X; ;.

Now for each j € J,let E; = ]_[l.eD E;jand ®; = (¢j,a)aeEje where
®jaX) = (P ja(xi))iep. Let
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E=]]Ej=(G.a):jelacE))
jeJ

and consider the IFS ® = (¢ a)(j,a)c£. Note that the second half of condi-
tion (8.5) guarantees that @ satisfies the coordinate ordering condition with
respect to the identity permutation. To emphasize the dependence of ® on the
parameter k, we will sometimes write &y, instead of ®.

We proceed to estimate dimp (P) and dim g (D).

Estimation of dimp(®). Foreachi € D and j € J, let Perm(E; ;) denote
the group of permutations of E;,j. Thenthe group G = [[ ;¢ [ [;cp Perm(E; )
admits a natural action on E, with respect to which the functions 4; (I C D)
and x; (i € D) are invariant. Now let p be any probability measure on E, and
let p = ne * p, where g is the Haar/uniform measure of G and * denotes
convolution. Note that p is G-invariant. Since 4, is superlinear and y; is linear,
we have h;(p) > h;(p) and x;(p) = x;(p) for all I and i. Consequently, it
follows from (2.11) that §(p) > 8(p), so the supremum in (2.2) can be taken
over the class of G-invariant measures on E. Such measures are of the form

p= Zq/'“j,

jeJ

where q = (q1, g2, g3) is a probability vector on J, and u; denotes the nor-

malized uniform measure on E;, i.e. u; = #(E j)_l Y ac E; 8a. Equivalently,

p =M. q, where M : R’ — RE is the linear operator such that M - ¢; = u;
forall j € J. Note that for all / C D, by Lemma 4.2 we have®

hiM-q) =) gihiuj) +0() =Y q; Y log(Ni ;) + O(1)

jeJ jeJ iel
=Y q; Y kHij+0()=k) Hi-q+0(), (36
jeJ iel iel
and foralli € D
XiM-@) =Y gixi(u) =Y qkX;; =kX; q. (8.7)
jeJ jeJ

Here H; and X; denote the ith rows of H and X, respectively, i.e. H; = e;k -H
and X;e?-X, where (€);cp is the dual of the standard basis of R?.Soby (2.13),
we have

6 Here O(1) denotes a quantity whose magnitude is bounded by a constant, in particular inde-
pendent of k.
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. kH; -q+ O(1) def -q
dy) = E = 2 -t
dimp (Py) I(;leai( ' X q P S0 = max , (8.8)

where A denotes the space of probability vectors on J.

Estimation of dim gy (®). Fix a continuous map z : R — A of period p > 0,
to be determined later. Fix y > 0 small, and let s : (0, c0) — A be defined
by the formula

sp = z(log(D)/y).

Next, letr, = M:-s;, forall b > 0. Note thatr is exponentially A-periodic, where
A = e’P. We will estimate dim g (®) from below by estimating dim g (vy).
Fix ¢t € [0, p], and for each i € D let B; > 0 be given by the formula

"' =X, -Sg, (8.9)

where Sp o fOB sy db. Applying (8.7) with q = Sp, shows that (2.10) is
satisfied with B = ke?’. It follows that

3(r, ke’") = =7

h({i € D : b < B;}; 1p) db.
Now by (8.6),

h{i € D:b<Biliry) = Y kH;-sp+ 0(1),
i:b<B;

and since the left hand side is zero whenever b > max; B;, we can add paren-
theses in the last expression:

h({i € D:b<Bijiry) = ) [kH;-sp+O(D)].
i:b<B;

So we have

S(r, ke’") = -sp+ O(1)] db

i:b<B;

1 Bi
= Z/ [kH; - s, + O(1)] db
¢ iep”0

-y kH; -Sp, + O(B;)
B kX; - Sp,

(by (8.9))
ieD
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Since B;/X; - Sp, is bounded independent of k, we have

H; - Sp,
S(r, ke’y — s(yin & Yy 28
(r, ke )k_)oo (ys1) ,-GZDXI"SB;

and the convergence is uniform with respect to 7. So by Theorem 2.11
dimy (®k) > 8(r) = inf &(r,ke”’) —— 6, ' inf 3(y;1). (8.10)
tel0,p] k— 00 t€l0,p]

By (8.8) and (8.10), to complete the proof we must show that §,, > 8¢ if y is
small enough. It suffices to show that

8, — &
lim 22— o . (8.11)
y—0 )4
Taking the limit y — 0. In the sequel, we will make the following assumptions
about the matrices H and X:

the maximum in (8.8) occurs at q = u = (1/3,1/3, 1/3), (8.12)

H -u=2""vi X; -u=2" Vi (8.13)

We remark that it follows from these assumptions that §g = 3/2. We also
assume that

1 P
—/ z(t) df = u (8.14)
pJo

and that y = log(2)/(£p) for some ¢ € N. Before proceeding further, let us

. )
estimate Sexp(yt).

is relevant to what follows. Let Z : R — R’ be the unique antiderivative of
z — u such that fop Z(t) dt = 0. Note that by (8.14), Z is periodic of period p.

Here, we have notated the dependence of S on y, since it

Claim 8.2 We have

2
S0 = €' u+ yZ(t) + 0] 8.15)
asy — 0.
i SaT(F) — 02 N ¢ 2 N W) _
Proof For convenience, we write z(¢) = z(f) —u,s;, " =s, —uw,and Sy " =
Sg/i\(—)Bu. Since s is exponentially e?”-periodic, we have ’S\g;(y o) =
Y
eypsexp(yl)’ SO
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’§(V) _ §(V) oV 1+0)
S Cemtrerp) T Pepern 1 < db
exp(yt) — evo — 1 - eVP — | ot b
1 P
= rogn ), v g
1 14
= oo J, WS B G Gy @14)
0
v |7 [P = 2
=e ; A SZ(t +s)ds + O(y?) |.

Thus (8.15) holds for the function
1 r°
Z(t) = —/ SZ(t + 5) ds. (8.16)
o Jo

Integration by parts shows that Z'(t) = Z(t), and Fubini’s theorem shows that
fop Z(¢t) dt = 0, with both calculations using (8.14). So the function Z defined
by (8.16) is the same as the function Z defined earlier. |

Let t; = log(2! B;)/y. Then

eV =1 — VY, -Sg;) (by (8.9))
— 2= VhY; -Sg;(m (since log(2) € Nyp)
=27, - (u+ yZ@1) + 0(y?) (by (8.15))
=1+27yX; - Z(t) + O(y ). (by (8.13))

In particular e? *=%) = 1 4+ O(y), which implies that r — t; = O(1) and thus
we can use the Taylor expansion on the left-hand side:

1+yt—1)+ 00D =1+yY;-Z@#) + 0(y?),

where Y; = 27/X;. Let us write t; = 1,y to remind ourselves that 7; depends
on y. We have

t=t,+ Y; 'Z(tm,) + O(y).
So if we let #; o € R be the solution to the equation
t=tio+Yi L),

then 1; , = ;0 + O(y). This is because the derivative of the right-hand side
with respect to #; o is bounded from below:
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14+Y;i - Z'(1i0) =Y -u+Y; - Z(t,0)
=Y;-z(tip) >minY; -p=minY; ; > 0.
peA jedJ

Next, let K; = 2~ (H; — (1/2)X;). Then

8(y;t)—80:l|:ZHi.Sg;) 3
-Sg/_) 2

Y V Liep Xi

1 3 Ki - SE;V,.)

-, )
Viep Yi- Sg

)

1 K; -S ip.

_ Z (zy?l (since log(2) € Nyp)
Viep Yi-Syp
| < Ki- (u+yZ@,) + 0?2

1 i (u+yZ ) (VZ)) (by (8.15))
y =Y (0t yZtiy) + 0(y2)

_ L 7K Zy) + 00D (by (8.13))
v = 1+ 0(y) '

=> K- Z(ti0) + O(y)
ieD

and thus

. 8(yi1) —do def
lim “ 270 — () SK - Za).
r—=0 Y ieD

and the convergence is uniform with respect to ¢. So to complete the proof,
we must show that there exist matrices H and X satisfying (8.5), (8.12), and
(8.13), such that for some periodic function z : R — A satistying (8.14), we
have

inf B(t) > 0. (8.17)
1€[0,p]
Constructing the matrices H and X; letting ¢ — 0. To construct these matrices,
let U be the 3 x 3 matrix whose entries are all equal to 1, and fix & > 0 small
to be determined. We will let
H =2'K; + (1/2X;, X;=2Y;, K=¢K, Y=U+¢Y,

where K and Y will be chosen later, with the property that

Ku=Y -u=0. (8.18)
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Then (8.13) is easily verified, and if ¢ is small enough then (8.5) holds. Now
for q € A, we have

M_é_zﬂ_zsﬁ;‘l
o Xira 2 i Yirq HlteYioq
= [eKi-q— K - (Yi - @]+ O - g —u|?).
ieD
(8.19)

To demonstrate that (8.12) holds, we need to show that (8.19) is non-positive
for all @ € A. To show that this is true whenever ¢ is sufficiently small, it
suffices to show that

> Ki=0 (8.20)
ieD
and R R
> Ki-q)(Yi-q) >0 VqeR/\Ru. (8.21)

ieD
Finally, to show that (8.17) holds whenever ¢ is sufficiently small, we introduce
subscripts to indicate the dependence on ¢ of all quantities that depend on ¢.
We have
t=tie+ Yie - Z(ie) = tie + U - Z(te) + 6Yi - Zti).

The middle term is zero, since U-z(¢) = U-z(t)—U-u = (1,1, )—(1,1,1) =
0 for all r € R. Thus

t=tio+eY; Lt ).
So in particular, #; =t 4+ O(g), and thus
=t +eYi Z(1) + O(e?).
Thus

Be() =Y Ki-Z(t — &Y - Z(1) + O(e?))

ieD

= &K [Z(t — &Y; - Z(t) + O(e7)) — Z(1)] (by (8.20))
ieD

= (eKi - Z(0)(— eYi - Z(1) + O(eY).
ieD
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(Note that in this step, we use the fact that z is continuous (and thus Z is C b
it is not enough for z to be piecewise continuous.) So it is enough to show that

Y (Ki-Z'®)(Yi - Z(t)) <0 Vr €10, pl. (8.22)
ieD

Constructing ﬁ, ?, and z. Until now, we have not used the fact that d = 3, nor
the fact that #(D) and #(J) are equzﬂ, exceptas a convenience of notation. But
now, we construct explicit matrices K and Y and an explicit continuous periodic
function z : R — A that satisfy (8.14), (8.18), (8.20), (8.21), and (8.22):

R 1 -1 R 1 -1
K=|-11 , Y= 1 -1,
-1 1 -1 1

1 27 A
Z(t):§ 1+ cos(t), 1 + cos t+? , 1+ cos t+? ,

1/ . . 2 . 4
Z(1) = 3 (sm(t), sin (t + T) , Sin (t + ?>> .

Now (8.14), (8.18), and (8.20) are immediate. Although it is possible to ver-
ify (8.21) and (8.22) by direct computation, we give a geometrical proof.
First note that K and Y both commute with the group G of orientation-
preserving permutation matrices. It follows that the quadratic form Q;(q) =
Y iecp®i - @(Y; - q) is invariant under G, and thus the conic section
{q € P: Q1(q) = x1}isalsoinvariant under G, where P is the plane through
the origin parallel to A, i.e. P = {(q1,92.93) € R® : q1 + g2 + g3 = 0).
Now if this conic section is a non-circular ellipse, then its major axis must
be fixed by G, and if it is a hyperbola, then the asymptotes must be either
fixed or interchanged. All of these scenarios are impossible because G is of
order 3 and has no fixed lines in P, so the conic section is a circle and thus
01(q) = ¢ ||q||2 for some constant cj. ThE sig\n of ¢1 can be calculated by
taking the trace of Qjy, i.e. 3¢; = ZieD<Ki’ Y;) = 3. Geg\metrica}l\ly, this
formula is a consequence of the fact that the angle between K; and Y; is 60
degrees, and their magnitudes are both +/2. This demonstrates (8.21).

Next, observe that the path traced by Z is a circle in P centered at the origin,
with the opposite orientation from the triangular path e; — e; — e3 — e;.’
Thus, for all € R we have Z/(t) = v x Z(t), where x denotes the cross

product and v = —/3u = —‘/Tg(l, 1, 1) is a unit vector. So if N denotes the

7 Although we have checked that the signs and orientations in this paragraph are correct (and
we thank the referee for pointing out a couple of errors in a previous version), it is not necessary
to check this to verify the validity of the argument; cf. Remark 8.4.
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3 x 3 matrix such that N - x = v x x for all x € R3, then the left-hand side
of (8.22) is equal to

> (Ki -N-Z®) (Y - Z(1))

ieD

and so what is needed is to show that the quadratic form

0x2(q) =) (Ki-N-q)(Y; - q)

ieD

is negative definite on P. Now since N is a rotation of the plane P, it commutes
with G, so the argument of the preceding paragraph can be used to show that
0-(q) = cz||q||2 for some constant t ¢ whose sign is the same as the sign of
the trace of Q», i.e. 3¢cp) = ZleD(K -N, Y = —3./3. Geometrlcally, this
formula is a consequence of the fact that the angle between K N and Y is
150 degrees, and their magnitudes are both +/2. This demonstrates (8.22). O

Remark 8.3 1t is not hard to see why it is impossible to construct matrices
K and Y as well as a periodic function z satisfying the relevant formulas
unless #(D), #(J) > 3. Indeed. if #(J) < 2, then A is a one-dimensional
space, and so by the intermediate value theorem we have z(¢) = 0 for some ¢,
r’gndering\ (8.22) impossible. Similarly, if #(D) < 2, then by (8.%0) we have
K; = —Kj, and again by the intermediate value theorem we have K -z(z) = 0
for some 7. Thus again, (8.22) is impossible in this case.

Remark 8.4 It should be pointed out that the directions of the inequalities
(8.21) and (8.22) are irrelevant to the questlon of whether there exist K Y
and z satisfying them. Indeed, if K (or Y) is replaced by its negative, then
the signs of both inequalities simultaneously flip, while if z is replaced by the
function ¢t + z(—t), then /t\heAsign of (8.22) flips but the sign of (8.21) stays the
same. So given a triple (K, Y, z) that satisfies (8.21) and (8.22) with respect
to any given direction of signs, it is possible to modify this triple in a minor
way to get a triple that satisfies (8.21) and (8.22) with respect to the correct
direction of signs.

9 Open questions

Although Theorem 2.8 provides an answer to Question 1.2 in dimensions 3
and higher, it is natural to ask what happens in dimension 2:

Questions 9.1 If X C R? is a compact set and 7 : X — X is an expanding
map satisfying the specification property, then is the Hausdorff dimension of X
equal to the supremum of the Hausdorff dimensions of the ergodic 7 -invariant
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measures? And if so, is the supremum attained, and what are the properties of
the measure attaining the supremum? What if the specification property is not
assumed?

Although we have proven that the dimension gap dimg (®) — dimp (D) is
strictly positive, we cannot get a very good lower bound on its size. This leads
to some natural questions:

Questions 9.2 Given d > 3, what is

MDG(@)E  sup  (dimp (D) — dimp (),
Aq>C[0,l]d

where the supremum is taken over all Barariski sponges A¢? (Here MDG is
short for “maximal dimension gap”.) Is the answer any different if the supre-
mum is restricted to sponges that satisfy the coordinate ordering condition?
And what about the related quantity

MDG'(d) def sup dlm[-[(d.)) — dimp (P) 9
ApCl0, 1] dimp (D)

In our proofs it seems that this quantity is more natural to consider than
MDG(d); for example, we can show that MDG'(d) < d — 2 for all d > 2
(Theorem 7.2 above). To avoid the effects of low dimension, we ask: what is
the asymptotic behavior of MDG'(d) as d — o0? For example, is it bounded
or unbounded?

Although Theorem 2.9 shows that the map ® +— dimg (®) is continuous
on the space of Baranski sponges, in many contexts the Hausdorff dimension
is not only continuous but real-analytic (see e.g. [1,41,47-49]). So we ask:

Questions 9.3 Is the function ® +— dim g () real-analytic, or at least piece-
wise real-analytic, on the space of Baraniski sponges? What about the subclass
of strongly Barariski sponges?

Finally, we speculate that the key ideas behind our definition of a pseudo-
Bernoulli measure might apply more generally. We therefore ask the following
questions:

Questions 9.4 Is there any useful class of measures that exhibits scale-
dependent behavior similar to pseudo-Bernoulli measures in a more general
context? For example, can the ideas of this paper be used to construct repellers
with a dimension gap other than sponges?
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